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Abstract: As a promising platform for versatile electromagnetic (EM) manipulations, metasurfaces
have drawn wide interest in recent years due to their unique EM properties and small footprints.
However, although great efforts have been made to achieve multifunctionalities, the design of
tunable metasurfaces with high compactness is still challenging. Here, a simple yet powerful design
methodology for single-layered reconfigurable metasurfaces composed of nonvolatile phase-change
material Ge,Sb,SesTey (GSST) is proposed with average working amplitudes of 72.6% and 53% at
different crystallization levels. The proposed metasurfaces could not only enable independent phase
control at different crystallization levels but also introduced another polarization degree of freedom.
As a proof of concept, we numerically demonstrate three kinds of metadevices in the infrared region
achieving a multi-focus metalens with tunable foci, multistate vortex beam generator with adjustable
topological charges and multi-channel meta-hologram with three independent information channels.
It is believed that these multifunctional metasurfaces with both tunability and compactness are
promising for various applications including information encryption, chiroptical spectroscopy, chiral

imaging and wireless communication.

Keywords: metasurface; phase change material; geometric phase; propagation phase; wavefront

manipulation

1. Introduction

As the planar version of metamaterials, metasurfaces composed of periodically ar-
ranged subwavelength meta atoms have attracted wide interest in recent years due to their
enriched degree of freedoms to manipulate and control electromagnetic (EM) waves in
terms of amplitude, phase and polarization [1-4]. By introducing strong localized interac-
tions between incident EM waves and meta atoms, metasurfaces with planar geometries
and small footprints can achieve similar or even better performances than traditional bulky
and heavy optical devices, and exhibits great advantages in modern optics and photonics
for integration and miniaturization [5-7]. To date, many exotic phenomena and appli-
cations based on metasurfaces have been realized such as beam deflection [8,9], perfect
EM absorption [10,11], full-color nanopainting [12-14], gain enhancement [15,16], spatial
filter [17], sub-diffraction imaging [18-20] and meta-holography [21-23]. Moreover, recent
research has also demonstrated that properly designed metasurfaces can even achieve
counterintuitive multi-functionalities by merging different manipulation mechanisms such
as carpet cloaking [24,25], direction multiplexing [26-28], intelligent antennas [29] and spin
decoupling [30,31].

Although great efforts have been made to improve the performances and enrich the
functionalities of metasurfaces, a great challenge in this field is that most of the current
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designs lack the flexibility and their EM performances are fixed once fabricated, which
further hindered their practical applications. As a result, reconfigurable metasurfaces
with freely adjustable EM properties have been proposed. By introducing external stimuli,
such as heat, electrostatic, stress or magnetic forces, their corresponding performances
can be actively manipulated [32-34]. Among them, reconfigurable metasurfaces based
on phase-change materials (PCMs) have been treated as promising candidates for next-
generation tunable devices since their optical performance can be easily changed by heating
or laser ablation. So far, various PCM-based platforms, including GeSbTe alloys [35-38],
Sb,S3 [39,40], vanadium dioxide (VO;) [41,42] and many others [43,44], have been proposed
and various promising applications such as switchable optical modulation [45,46], tunable
wavefront control [47,48], active chirality [49] and dynamic color [50] display have been
demonstrated. However, although the above mentioned works have further improved the
tunability of phase-change metasurfaces, how to integrate more functionalities without the
sacrifice of compactness is still challenging.

In this work, we proposed a design methodology for single-layered metasurfaces
achieving both polarization- and crystallinity-dependent wavefront manipulations in in-
frared region. By taking advantage of the tunability of PCM Ge,;Sb,Se Te; (hereinafter
referred to as GSST) and combining multiple phase manipulation mechanisms, three inde-
pendent information channels can be obtained with low cross talk. To further illustrate this
issue, Figure 1 depicts the schematic of the proposed methodology. As shown in Figure 1a,
when GSST is in the amorphous state (A-state), two different meta-holograms can be
observed in the far field under right-handed circularly polarized (RCP) and left-handed
circularly polarized (LCP) incidences. When varying the crystallinity of GSST to the crys-
talline state (C-state), as shown in Figure 1b, another meta-hologram can be observed and
previous images in the A-state are perfectly hidden. Compared with previously reported
works [37-40], the proposed metasurfaces could not only enable independent phase control
at different crystallization levels but also introduce another polarization degree of freedom,
which may pave a new way to realize active and multifunctional EM devices.
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Figure 1. Schematic diagram of the proposed metasurface at different crystallization levels. (a) When
GSST is in A-state, two different meta-holograms can be observed under RCP and LCP incidence.
(b) When GSST changes to C-state, another meta-hologram can be observed and previous images in
A-state are perfectly hidden.
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2. Design Principles and Simulation Results

The three-dimensional and top view of the proposed meta atom is shown in Figure 2a,b,
respectively, which consists of a rectangular GSST nanofin on a barium fluoride (BaF;)
substrate. The optimized period for the meta atom is p = 5 pm and the thickness for all
meta atoms is fixed at H = 7 um. The working wavelength for the proposed meta atoms is
designed for A = 10.6 um, which is the operation wavelength of commercial CO; lasers. By
adjusting the length L and width W, six-levelled phase shift meta atoms are optimized to
cover 0-27t both in the A- and C-states. As a result, a total number of 6 X 6 meta atoms are
designed. The detailed geometric parameters and optical responses are shown in Figure S1
and Table S1. Figure 2¢,d shows the simulated transmitted cross-polarized phase shift and
amplitude, respectively, where i and j represent the number of the meta atom while the color
of the pixel corresponds to the results in the A-state and the position of each pixel indicates
the results in the C-state. It can be inferred from Figure 2c that for a given phase shift at
A-state, six kinds of meta atoms can be chosen that can fully cover 0-27 at C-state. The
average cross-polarized amplitude for the A- and C-states is 72.6% and 53%, respectively,
which is sufficient for most wavefront manipulation applications. Finite element method in
CST Microwave Studio is employed with unit cell boundaries in the xy directions and open
boundary in the z direction. A fine tetrahedral mesh was applied with an adaptive mesh
refinement to ensure the accuracy of the results. The optical constants data of the used
materials are given in Figure S2 [51,52]. Here, the use of a BaF; substrate is due to its low
permittivity in the infrared region that could reduce the reflectance at the bottom surface.
Meanwhile, the choice of GSST as the PCM in the proposed design can be attributed to two
main reasons. Firstly, GSST possesses high optical transparency with ultralow loss in both
the A- and C-states in the simulated working wavelength, which is essential for wavefront
manipulations [53]. Secondly, GSST exhibits a large optical contrast (An > 1.5) between the
A- and C-states, which makes the optimization of 6 X 6 meta atoms accessible [52].
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Figure 2. Simulated results for the meta atom. (a) Three-dimensional and (b) top view of the meta
atom. (c) The simulated transmitted cross-polarized phase shift at A- and C-state. (d) The simulated
transmitted cross-polarized amplitude at A- and C-state. i and j represent the number of the meta
atom while the color of the pixel corresponds to the results at A-state and the position of each pixel
indicates the results at C-state.
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To further illustrate the working mechanism of the proposed design, when considering
the circularly polarized incidence of [1 — ic]! normally illuminating the meta atoms, the
resulting transmitted EM wave can be described as [28]

Ccos g exp'? {_11.0_} —isin g exp!(~200+9) [137] (1)
where ¢ is the polarization-independent propagation phase determined by the geometric
parameters of the meta atom. —200 is the geometric phase (also known as the Pancharatnam-—
Berry phase) where o = £1 denotes the circular polarization direction of the transmitted
wave and 6 is the rotation angle for the meta atom as shown in Figure 2b. ¢ is the phase
difference for two orthogonal linear polarizations along the major and minor axes and can
be assumed as é = 7t in our case since only the cross-polarized components are considered.
Therefore, when GSST is in the A-state, the implemented phase for the cross-polarized
components under RCP and LCP incidence can be described as ¢4 + 26, where ¢4 is the

propagation phase in A-state. In such case, if two independent phase distributions 11 and
1, are designed for opposite spin states, 4 and 6 can be expressed by [54]

¢4 = 5[(¥1 —2m7) + (Yo — 2np7)] 2

NI~

6= %L[(lPl —2n171) — (P2 — 2n277)] 3)

where 11 and 1, are two arbitrary integers and are both chosen as zero in our case. Therefore,
1 and ¢, can be calculated as

P = @p+20 (4)
Yo =pa—20 )

When GSST changes to the C-state, the geometric phase remains unchanged since it
is only determined by the rotation angle for the meta atom, while the propagation phase
@c can be designed accordingly. Therefore, the implemented phase for the cross-polarized
components under RCP and LCP incidences can be described as ¢¢c =+ 26. It should be
mentioned that since 6 is fixed according to Equation (3), desired phase distributions 3
can only be encoded to a certain circular polarization. For example, if i3 is encoded for the
RCP incidence, it can be written as

¥s = ¢c — 20 (6)

In such case, the implemented phase 14 under the LCP incidence can be calculated as

Py = ¢pc+ 20 7)

Since the parameters on the right side of Equation (7) have been determined by
Equations (2)—(4), ¢4 cannot be designed arbitrarily and often results to meaningless far
field results. Therefore, by properly choosing the sizes and arrangements of the meta atoms,
three independent information channels denoted by ¥, ¢, and ¢3 can be obtained. To
further demonstrate the versatility of the proposed design methodology, three kinds of
multifunctional metasurfaces are simulated and characterized in the following part.

The first functional device is multi-focus metalens whose focus can be adjusted by
changing the crystallization levels of GSST and the incident circular polarization. To reduce
the simulation complexity, the diameter of the metalens is set as 120 um with 24 meta atoms
in length. The implemented phase distributions for i; (i = 1, 2, 3) can be described by

Pilr ) = /A (x— 3% + (y— 1) + f2 — fi ®)
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where (x, y) is the spatial location, (x;, y;) is the lateral displacement of the focal points
and f; is the designed focal lengths. In our case, (x1, y1) = (0,0), (x2, y2) = (0, =30 pm),
(%3, y3) = (30 um, 0) and f; is fixed at 60 um as shown in Figure S3. The time domain solver
of CST Microwave Studio was employed for the simulations with open boundaries in
all directions. Figure 3 depicts the corresponding simulated electric field distributions
at different observation planes obtained by the built-in electric field monitors in CST
Microwave Studio at A = 10.6 pm. It can be inferred that the simulated results agreed well
with the designs based on Equation (6). Moreover, the observed results in Figure 3e,i also
indicate that the cross talk between different information channels can be ignored. The
slight distortion of the focus can be attributed to the limited sample size and can be further
improved with a larger diameter. Compared with previously reported works with fixed or
symmetrical focal performance [55,56], the proposed metalens had the capability to adjust
the focus, which may find many exciting applications for imaging and sensing.

Amorphous 1 Crystalline
Incident RCP

Incident RCP Incident LCP

(d) 60

Figure 3. Simulated performance of the designed multi-focus metalens at different observation planes.
(a—c) Electric field distributions when GSST is in A-state under RCP incidence. (d—f) Electric field
distributions when GSST is in A-state under LCP incidence. (g—i) Electric field distributions when
GSST is in C-state under RCP incidence. The upper row shows the Ey,y results at z = 60 um. The
middle row shows the Ey,; results at y = 0. The bottom row shows the Eyoz results at x = 0.

The second functional device is a multistate vortex beam generator as shown in
Figure 54 in which the topological charge of the generated vortex beam can be actively
tuned. A vortex beam is a light beam carrying orbital angular momentum (OAM) that
exhibits a spiral phase front of exp (il¢) [57], where ¢ = arctan (x/y) is the azimuthal
angle and [ is the topological charge. Since I can be any integer, vortex beams have been
considered to be promising information carriers in optical and quantum communication
systems. In the design process, the diameter of the designed vortex beam generator is the
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same as that for the above metalens. The phase distributions for focused vortex beam with
different topological charges are encoded to ¢; (i = 1, 2, 3) that can be described by

pi = /M X2+y*+ 2= fl+ ¢ ©)

where f =80 um, /; = —1, +2 and 0 for i = 1, 2 and 3. The simulated electric field distributions
at z = f is shown in Figure 4a—c. As illustrated in Figure 4a,b, the donut-shaped patterns
can be observed that demonstrate the generation of vortex beams. Moreover, the diameter
of the donut-shaped pattern in Figure 4b was larger than those in Figure 4a,c indicating
that the topological charge in this case was larger than the other cases, which is also a
typical feature for vortex beams. The corresponding calculated results based on vectorial
diffraction theory [58] are shown in Figure 4d—f. It can be inferred that the simulated
results agreed quite well with their theoretical counterparts, which further demonstrates
the validation of the proposed design method.

Amorphous | Crystalline

a Incident RCP b Incident LCP ,: c Incident RCP
() (b) (c)
60 6

Figure 4. Simulated and theoretical performance of the designed multistate vortex beam generator.
(a,b) The simulated electric field distributions when GSST is in A-state under RCP (a) and LCP (b)
incidences. (c) The simulated electric field distributions when GSST is in C-state under RCP incidence.
(d-f) The calculated results correspond to those in (a—c).

Moreover, the simultaneous polarization- and crystallinity-dependent performance
provided by the proposed metasurface can also find a wide variety of applications associ-
ated with information encryption. As a proof of concept, the third functional device is a
multi-channel meta-hologram in which the observed images can be tuned under certain
conditions. In the design process, the metasurface contained 1 x 10® meta atoms with
dimensions of 5 mm x 5 mm. To calculate the phase distributions for the meta-hologram,
the Gerchberg—Saxton (GS) algorithm was used. Since the image plane is designed in the
Fraunhofer region, the ideal phase distribution can be calculated after several iterations
of Fourier transforms. Then, the implemented phase distributions ¢; (i = 1, 2, 3) can be
obtained by discretizing the ideal phase distributions to six levels as shown in Figure 5d—f.
Figure 5g—i shows the calculated far field intensity distributions under different polarized
incidences and crystallization levels at A = 10.6 um, which was obtained by using the
vectorial diffraction theory. The amplitude and phase at each location on the metasurface
was retrieved from corresponding simulated results in Figure 2¢,d. It can be inferred that
when GSST is in the A-state, different information can be read out under opposite incident
spin states. Then, when GSST changes to the C-state, the previous holographic images
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in the A-state can barely be observed and another new image can be observed, which
confirms that the information coded in a certain crystallization level cannot be decoded in
the other state.

Amorphous " Crystalline
(g) Incident RCP (h) Incident LCP : :(i) Incident RCP

max

Figure 5. Multistate meta-hologram for information encryption. (a—c) Target images. (d—f) Calculated
phase distributions based on GS algorithm. (g-h) Calculated far field results when GSST is in A-state
under RCP (g) and LCP (h) incidences. (i) Calculated far field results when GSST is in C-state under
RCP incidence.

3. Conclusions

It should be mentioned that although subsequent experiments were not carried out
in this work, the fabrication of structured phase-change meta atoms with high aspect
ratios and the corresponding optical measurements have been demonstrated by many
previously reported works and is accessible by the state-of-the-art nanofabrication and
measurement technologies [37,38]. To illustrate this issue, a feasible fabrication process
and a measurement setup is schematically proposed in Figures S5 and S6, respectively.
Moreover, although the reamorphization of GSST meta atoms with large thicknesses
is still challenging and the fully reamorphization of the proposed devices may not be
achievable at present, this problem may be solved in the near future since the theoretically
reversible thickness of GSST films can approach several micrometers and the achieved
reamorphization thickness has already increased from initial tens of nanometers to the
current hundreds of nanometers. Moreover, by applying the proposed methodology at
higher frequencies, the thickness of GSST can be further reduced to meet the requirement
for reamorphization according to the scalability of Maxwell’s equations.

In summary, a generalized design methodology for multifunctional reconfigurable
metasurfaces is proposed in this paper. By taking advantage of properly designed meta
atoms and the large optical contrast of GSST, independent multi-channel wavefront manip-
ulation can be achieved according to the incident circular polarization and GSST crystal-
lization levels. To illustrate the priority of the presented principle, three kinds of functional
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metasurfaces were theoretically calculated and numerically simulated and all metasurfaces
exhibited polarization- and crystallinity-dependent performance with low cross talk. The
physical mechanism for the proposed devices can be attributed to the combined effect of
geometric phase and propagation phase. Moreover, owing to the scalability of Maxwell’s
equations, the design methodology can be further used for other frequencies, which may
enable more fascinating applications in integrated optics and photonics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ photonics10030344 /s1, Figure S1: Optimization graphs of the sim-
ulated unit cells with different geometries. Figure S2: Optical constants data of used materials.
Figure S3: The schematic illustration for the multi-focus metalens. Figure S4: The schematic illus-
tration for the multistate vortex beam generator. Figure S5: A feasible fabrication process for the
designed sample. Figure S6: Schematic illustration of the measurement setup. Table S1: Geometric
parameters and corresponding optical responses in A- and C- states.
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